Background: The traditional view of epithelial ovarian cancer asserts that all tumor subtypes share a common origin in the ovarian surface epithelium (OSE) Design: A literature review was carried out to summarize the emerging understanding of extraovarian sources of epithelial ovarian carcinomas.
introduction Worldwide, ovarian cancer is a deadly disease for which there is no effective means for early detection. There were nearly 215 000 incident cases in 2008 with 114 000 mortalities [1] . In general, the neoplasms arise from one of three cell types: epithelial cells, sex-cord stromal cells, or germ cells. Epithelialderived tumors account for the predominant and most lethal form. This review will present past and current thinking on the histogenesis of these epithelial tumors from clinical and experimental perspectives, emphasizing relevance to their clinical management and to our understanding of their major risk factors.
cell of origin of ovarian epithelial tumors
Extrauterine pelvic tumors showing serous, endometrioid, clear cell, or mucinous differentiation have historically been thought to arise directly from the ovary. In retrospect, this is intriguing given the absence of corresponding normal tissues with similar morphologies in this organ. It seems even more surprising that early pathologists suggested that these tumors, which are distinct in most cases from mesotheliomas both morphologically and immunophenotypically, develop from coelomic mesothelium lining the ovarian surface. Further adding to this intrigue is the fact that normal cells from the same differentiation lineages as those of ovarian epithelial tumors are readily found in tissues and organs adjacent to the ovary. For example the entity of primary fallopian tube carcinoma was recognized as early as 1886 [2] and the papillary serous features of these tumors were well established by 1949 [3] . It would have been logical, given the close proximity of the fallopian tubes to the ovaries, as well as the fact that serous carcinomas almost always involve both the tubal fimbriae and ovaries, to suggest that all serous tumors of the tubo-ovarian region are of fimbrial origin. Instead, early pathologists speculated that all serous tumors of the tubo-ovarian area should be considered primary ovarian unless a tubal origin is evident based on its tissue distribution [3] . It is likely that the following arguments were instrumental in the establishment of this theory:
(i) Co-existence of multiple histological subtypes Although an origin from the fimbrial end of the fallopian tube could easily account for the serous subtype of ovarian tumors, it cannot account for the nonserous subtypes. However, serous and nonserous subtypes can sometimes co-exist, suggesting a common link in their histogenesis [4] .
(ii) Distribution of benign tumors Ovarian carcinomas have benign counterparts, called cystadenomas. Transition to histologically malignant areas can sometimes be observed within otherwise benign-looking cysts, further underscoring their similar differentiation lineage and supporting the view that ovarian cystadenomas and carcinomas share a common origin [5] . The frequent presence of small benign epithelial cysts confined to the ovary and identical in every respect to large cystadenomas except for their size is a strong argument supporting the view that the ovary can be a primary site of origin for at least some epithelial tumors.
(iii) Presence of ovarian-like tumors outside the ovary and fallopian tube
Benign serous, endometrioid, clear cell, and mucinous epithelial tumors are not only found within the ovary, but are also present outside the ovary where they are referred to as paratubal or paraovarian cystadenomas. In addition, carcinomas that are morphologically and clinically identical to ovarian carcinomas can sometimes occur without known involvement of either the ovary or the fallopian tube. These tumors, referred to as primary peritoneal carcinomas, can occur several years after a subject has undergone salpingo-oophorectomy for reasons other than cancer debulking, strongly supporting extraovarian and extrafimbrial origins [6] .
müllerian metaplasia of coelomic epithelium. Early embryologists regarded the coelomic epithelium lining the ovarian surface as the precursor to all cells present within the adult ovaries including germ cells. The term 'germinal epithelium' was coined to underscore this alleged relationship. The idea that ovarian epithelial tumors arose from this epithelium was therefore highly plausible in that context. Given the characteristic resemblance of ovarian epithelial tumors to those arising in fallopian tube, endometrium, and endocervix, a theory was developed based on the notion that the rich hormonal milieu of the ovary can trigger metaplastic changes within the coelomic epithelium, causing a change in its differentiation lineage from mesothelium to tissue types similar to those lining either the fimbriae endometrium, or endocervix [7] [8] [9] . This theory readily accounts for the serous, endometrioid, clear cell, and mucinous differentiation seen in major ovarian carcinoma subtypes, respectively [8] . These epithelial types have a common embryological origin from the Müllerian ducts; hence, the term Müllerian metaplasia often used to designate these changes. The theory further suggests that such metaplastic changes are most likely to take place in coelomic epithelium located deep within the ovarian cortex such as within cortical invaginations because of presumed increased exposure to ovarian hormones [5, 9] . The presence of intraovarian Müllerian cysts and cystadenomas is explained based on the notion that such cortical invaginations may occasionally lose their connection to the ovarian surface, resulting in cortical inclusion cysts thought to be highly prone to Müllerian metaplasia. Furthermore, the theory accounts for primary peritoneal carcinomas by stipulating that the coelomic epithelium outside the ovary, similarly to the epithelium lining the ovarian surface, can undergo Müllerian metaplasia due to ovarian hormonal influences.
challenges to the coelomic hypothesis. Although an embryological relationship between the ovarian coelomic epithelium and underlying ovarian tissues is no longer favored, proponents of the coelomic epithelial theory argue that the Müllerian ducts arise from invagination of the coelomic epithelium, maintaining the notion of a link between Müllerian and coelomic epithelium and therefore accounting an alleged predisposition of the latter to undergo Müllerian metaplasia [7, 9, 10] . Recent evidence suggests that there may indeed be an embryological link between the coelomic epithelium and the Müllerian ducts, which arise from an epithelial anlage near the fetal kidney (mesonephros) [11, 12] . However, there is little evidence for an origin from wide invaginations of the coelomic epithelium [11, 12] . In addition, the coelomic hypothesis fails to account for the fact that a precursor lesion to ovarian carcinomas could not be clearly identified on the ovarian surface despite extensive histopathological examinations. Anecdotal findings of dysplastic epithelium within coelomic epithelium [5] were showcased as support for the coelomic hypothesis, but could not convincingly establish this site as an origin of tumor development and were too rare to be regarded as representing the main precursor lesion. Furthermore, examination of salpingo-oophorectomy specimens from individuals with familial ovarian cancer predisposition due to germline mutations in BRCA1 or BRCA2 led to the description of molecular and morphological changes associated with the carrier state for such mutations [13, 14] , but did not lead to the identification of early cancers confined to the ovary. Many of these women were instead found to harbor readily identifiable precursor lesions in the fimbrial ends of the fallopian tube [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
current views about the site of origin of epithelial tumors historically regarded as of primary ovarian origin.
(i) Fimbrial hypothesis
Early pathologists understood that they were under-diagnosing tumors of fimbrial origin at the benefit of ovarian carcinomas given the strict diagnostic criteria that they adopted for fimbrial carcinomas. The finding of dysplastic changes and early invasive cancers within the fimbriae of individuals with genetic predisposition to tumors historically regarded as high-grade ovarian serous carcinomas, plus the failure to identify similar changes in the ovarian surface epithelium (OSE) of such individuals, led to the realization of the extent to which the frequency of fimbrial carcinomas has been under-estimated in the past [25] . This resulted in fundamental changes in our approach to risk-reducing surgery for BRCA mutation carriers, which is currently focused on the fallopian tube instead of the ovary [26] , and on the manner in which these surgical specimens are evaluated by pathologists [20] . However, the notion that carcinomas of the tubo-ovarian region arise in the fimbriae can only account for the serous subtype of ovarian carcinomas. The argument faced by early pathologists that some of these tumors show mixed serous and nonserous differentiation, suggesting a common origin for these multiple histological subtypes, remains valid. In addition, it is clear that the fimbriae are not always involved by serous carcinomas. The occasional development of serous carcinomas in BRCA1/2 mutation carriers who underwent risk-reducing salpingooophorectomy several years earlier underscores the fact that a fimbrial origin cannot account for all tumors currently referred to as primary peritoneal carcinomas [6, [27] [28] [29] . In addition, an origin from the fimbriae cannot account for intraovarian and para-tubal cystadenomas.
(ii) Dual coelomic and fimbrial origin A simple and straightforward model suggests that early highgrade serous carcinomas, the subtype associated with BRCA1/2 mutation carriers, arise from the fallopian tube fimbriae while the emergence of the other subtypes, including low-grade serous carcinomas, originate from coelomic metaplasia. This model acknowledges that high-grade serous carcinomas, which were thought to have a dual origin from either the fallopian tube or the ovary as early as in the late nineteen century, most commonly arise in the former while the basic premises of the coelomic hypothesis remain applicable to low-grade lesions. Recent evidence, however, suggests a tubal origin for some lowgrade serous carcinomas as well as ovarian cortical cysts [30] [31] [32] .
(iii) Implantation of fimbrial epithelium on the ovarian surface
The fimbriae are in constant close proximity to the ovarian surface. They literally rub against this surface at ovulation and can easily intermix with the coelomic epithelium as a result of tubo-ovarian adhesions. A hypothesis recently favored in a major gynecological pathology textbook stipulates that implantation and occasional transformation of serous Müllerian epithelium from the fimbriae on to the ovarian coelomic epithelium predominantly accounts for intraovarian serous neoplasms [33] . Similar to the coelomic hypothesis, the model is consistent with the notion that such epithelium can invaginate and become entrapped within the ovarian stroma, accounting for the presence of intraovarian serous cysts, often called cortical inclusion cysts. This concept minimizes the importance of Müllerian metaplasia and instead emphasizes direct translocation of fimbrial epithelium on to the ovarian surface. However, an origin of serous intraovarian cysts from tubal precursors has never been demonstrated. In addition, serous epithelium admixed with coelomic epithelium on the ovarian surface should be a more common occurrence if this were an important mechanism of tumorigenesis. Moreover, this theory cannot account for the rarity of precursor lesions confined to the ovarian surface. Although fimbrial carcinomas could easily shed to the peritoneum, this concept cannot account for all primary peritoneal carcinomas because (i) these tumors do not involve the fimbriae and therefore could not have originated in this organ by definition, (ii) the strict diagnostic criteria for these tumors, which mandate thorough examination of the ovaries as well as the fallopian tubes, make it highly unlikely that all tumors diagnosed as primary peritoneal represent tubal primaries missed by pathologists due to mere sampling errors, (iii) the fact that several years can elapse following bilateral salpingectomy before a primary peritoneal carcinoma develops is more compatible with an extratubal origin, and (iv) viable implants of serous epithelium have not been described admixed with coelomic epithelium on peritoneal surfaces.
(iv) Extrauterine Müllerian hypothesis
Given the resemblance of the major subtypes of ovarian carcinomas to tumors arising in the fallopian tube, endometrium, or endocervix, and given that these three organs are embryologically derived from the Müllerian ducts, it seems logical to look for structures also derived from these ducts as potential sites of origin for all tumors historically regarded as of primary ovarian coelomic origin. Müllerian epithelial structures are in fact abundant in the soft tissues adjacent to the ovary and fallopian tube. Such structures, which include endosalpingiosis, endometriosis, and endocervicosis, represent non-neoplastic counterparts of serous, endometrioid/clear cell, and mucinous ovarian carcinomas, respectively. Although they have previously been referred collectively as 'secondary Müllerian system' [34] , the term extrauterine Müllerian epithelium (EUME) was recently suggested to allow inclusion of the fallopian tube fimbriae, which is now established as an important site of tumor development [35] . It is well-documented that components of the EUME can give rise to not only serous, endometrioid and mucinous cystadenomas, but also to tumors of low malignant potential [36] [37] [38] [39] [40] [41] . It is likely that the frequency of carcinomas arising from these structures, similarly to the frequency of fimbrial carcinomas, may have been grossly underestimated because invasive tumors arising from this primary site are likely to involve the ovary or the fallopian tube early on in the course of the disease given the close proximity to these organs, thus masquerading as ovarian or tubal carcinomas. Figure 1 compares the main elements of the EUME hypothesis to those of the coelomic hypothesis. The EUME hypothesis regards EUME as the site of origin of all tumors traditionally referred to as ovarian, fimbrial, and primary peritoneal while the coelomic hypothesis regards these tumors as originating from multiple tissue types in spite of their clinicopathological similarities. Also, the EUME hypothesis favors the view that tumors arise from Müllerian epithelium normally found within the tubo-ovarian area while the coelomic hypothesis stipulates an origin from coelomic epithelium that underwent Müllerian metaplasia as a necessary precursor step to malignant transformation. The EUME hypothesis accounts for all observations that puzzled early pathologists and led to the formulation of the coelomic hypothesis. Serous carcinomas may arise from either the fimbriae or from foci of endosalpingiosis while endometrioid and clear cell carcinomas arise from endometriosis and mucinous carcinomas arise from endocervicosis. This hypothesis not only readily accounts for symposium article Annals of Oncology Figure 1 . Diagram of ovarian and tubal anatomy depicting the coelomic and Müllerian models of ovarian cancer development. The coelomic hypothesis shown on the left argues that ovarian epithelial tumors arise from coelomic epithelium or its derivatives in cortical inclusion cysts after it has undergone metaplasia to acquire Müllerian characteristics, regarded as prerequisite for neoplastic transformation. The Müllerian hypothesis shown on the right favors the view that these tumors instead develop directly from pre-existing Müllerian structures in the tubo-ovarian area, referred to as extrauterine Müllerian epithelium, which includes the fallopian tube fimbriae, endosalpingiosis, endometriosis, and endocervicosis. paraovarian and paratubal cystadenomas given the presence of EUME in those sites, but also explains the presence of intraovarian Müllerian cysts, which can be regarded not as results of Müllerian metaplasia in pre-existing cortical inclusion cysts, but as examples of endosalpingiosis, endometriosis, and endocervicosis within the ovary. This hypothesis also accounts for primary peritoneal carcinomas because components of the EUME can be found sufficiently far from the ovary and fimbriae to give rise to tumors that spare both of these organs. While appealing, experimental support for this model is lacking and requires development of model systems to test these concepts.
development of novel model systems
An unfortunate consequence of the widespread acceptance, until recently, that ovarian carcinomas were of coelomic origin has been the use of experimental models based on misconceptions about the exact origin of these tumors. Tremendous research efforts have focused on primary or immortalized in vitro culture of cells derived OSE using an approach first developed by Kruk et al. [42] . More recently, several mouse models were developed based on either transgenic technologies or introduction of viral vectors into the ovarian bursa as a means of targeting the OSE [43] [44] [45] [46] [47] [48] [49] . These models may have also involuntary targeted the fallopian tube and EUME. For example these anatomic sites may become genetically altered following intrabursal inoculations, an approach used in several models [45] [46] [47] [48] [49] . Likewise, it is possible that a model based on transgenic expression of SV40 large T antigen driven by the Müllerian inhibiting substance type 2 promoter also resulted in expression of this oncoprotein in the fallopian tube and EUME [44] . However, it is clear that newer in vitro and in vivo models that robustly mimic the histogenesis and biological characteristics of the human disease would not only better establish the true origin of these tumors, but also aid in the development of early detection tools, in the design of cancer prevention strategies based on the understanding of the effect of risk factors on normal precursor cells, and for testing of novel therapeutics.
cell culture models.
(i) Fallopian tube secretory epithelial cell lines
Serous carcinomas typically share characteristics that mimic a specific cell type found within this epithelium, the fallopian tube secretory epithelial cell (FTSEC) [50, 51] . There is therefore great interest in obtaining tubal/fimbrial cell cultures that retain secretory characteristics. A number of recent studies reported on the isolation and long-term culture of such cells [52] [53] [54] [55] . In all cases, the cultured cells retained the expression of key Müllerian markers, including PAX8, a transcription factor that is essential for the development of the female reproductive tract [50, 56, 57] . Transformation of these FTSECs with defined genetic alterations relevant to ovarian cancer generally led to a transformed phenotype in vitro that resulted in growth of highgrade carcinomas in murine hosts that resemble human serous carcinomas [52, 54] . In one case, transformation led to the emergence of a high-grade lesion with mucinous differentiation [55] , highlighting the plasticity of EUME and its ability to differentiate into various Müllerian epithelial lineages.
Importantly, the tumors express the CA125 and HE4 biomarkers, exhibit transcriptional profiles that are highly similar to human serous ovarian carcinomas, and exhibit widespread copy number alterations typically seen in these tumors [52, 54] . A baboon tubal epithelial cell line was also reported as an alternative to human FTSECs and as a renewable source of cells for studies on downstream signaling pathways and neoplastic transformation in tubal epithelium [58] .
(ii) Ex vivo and organoid models of fallopian tube epithelium The development of model systems allowing examination of the molecular links between the biophysical chemistry of the menstrual cycle and the epidemiologic risks it poses is especially important now that the site of origin for serous carcinomas has shifted away from the ovarian surface, arguing against the notion first introduced by Fatallah [59] that the chronic breakage and repair of the ovarian surface associated with incessant ovulation is an important predisposing factor to malignant transformation. While the FTSEC lines described above are ideal for characterizing the role of specific cancer genes on tubal transformation, they grow as conventional monolayers lacking the polarity and the influence of ciliated and stromal cells residing in the normal fallopian tube. Toward this end, a human fallopian tube coculture system of both secretory and ciliated cells was developed from primary human surgical specimens that recapitulate the morphological, ultrastructural, and immuno-phenotypic properties of the native tubal epithelium in situ [53, 60, 61] .
A similar ex vivo model was developed using porcine oviduct epithelium [62] . Irradiation of these ex vivo cultures showed delayed repair of DNA double-strand breaks in the secretory cells compared with adjacent ciliated cells, suggesting that secretory cells are more susceptible to accumulation of mutagenic injury [61] . This would be consistent with the DNA damage observed in the early fallopian tube precursors of serous carcinomas called 'p53 signatures' [63] .
In an attempt to address whether ovulation itself, as opposed to the hormonal factors associated with the menstrual cycle, may be a source of DNA damage seen in the fallopian tube fimbriae a 3D alginate hydrogel organoid culture of murine fallopian tube epithelium was developed from mice synchronized into different phases of their cycle [58] . The levels of phosphorylated-H2AX, a histone protein that gets phosphorylated at sites of double-strand DNA breaks, were three times higher in the organoid cultures from postovulatory mice compared with controls. This was accompanied by an infiltration of activated macrophages to the oviduct of ovulated mice [58] . The precise nature of the injury delivered to tubal epithelial cells as a consequence of ovulation remains to be defined. However, the development of robust ex vivo models like these and others will play a critical role in deciphering the connection between ovulation and early transformation events in the fallopian tube.
(iii) Culture of ovarian cystadenomas and tumors of low malignant potential
In vitro cultures of benign and low malignant potential ovarian epithelial tumors can also provide useful insights into the symposium article
Annals of Oncology biology of the EUME [64, 65] . Such tumors can be readily cultured as primary explants and their in vitro longevity can be expanded over 50 or so population doublings using viral oncoproteins [66] . Not only can such cultures be immortalized by forced-expression of telomerase, but have also been known to become spontaneously immortalized in vitro, providing longitudinal models for investigations on the early events leading to malignant transformation [65] [66] [67] .
mouse models.
(i) Models driven by cell-specific promoters There were no mouse models targeting extraovarian Müllerian epithelium as the cell of origin until recently. Miyoshi et al. [68] utilized the promoter of the murine oviduct-specific glycoprotein (OGP) gene, expressed in the oviducts and uterus, to drive expression of the SV40 large T antigen. The transgenic mice spontaneously developed tumors in the female reproductive tract but not the ovaries. Ovariectomy suppressed T antigen expression and blocked tumorigenesis while estradiol administration to ovariectomized transgenic mice led to dramatic hyperplasia in the oviduct and uterus and to tumor development, suggesting that these tumors are estrogen dependent. This model may therefore be attractive for studies focused on understanding the well-established epidemiological link between the menstrual cycle activity as well as postmenopausal hormone replacement therapy and ovarian cancer risk [69] . Most recently, Kim et al. [70] conditionally knocked out Dicer1 and Pten, resulting in suppression of miRNA synthesis and activation of the PI3 K pathway, respectively. The mutant mice developed lesions with histologic and immunologic phenotypes consistent with high-grade serous carcinomas in the fallopian tube that spread to involve the ovary and then the peritoneum [70] . This model underscores the role of gene regulation through shRNAs in cancer development.
(ii) Models relating endometrioid carcinoma to endometriosis
Experimental support for a link between endometriosis and the development of endometrioid ovarian cancer came with the development of a mouse model of peritoneal endometriosis and endometrioid ovarian cancer based on the activation of an oncogenic Kras allele and deletion of Pten [45] . In this setting, the oncogenic Kras mutation induced endometriosis while superimposition of Pten loss propelled these precursor lesions towards invasive endometrioid carcinoma [45] .
(iii) Models targeting determinants of estrus/menstrual cycle activity Chodankar et al. [71] attempted to develop a model specifically for investigations of the association between the menstrual/ estrus cycle and ovarian cancer risk by using a granulosa-cellspecific promoter to knock out Brca1, a gene that controls familial ovarian cancer predisposition, in cells that play a central role in controlling the menstrual cycle. The mutant mice showed a relative increase in the average length of the proestrus phase of their estrus cycle, which corresponds to the estrogendominated follicular phase of the human menstrual cycle [72] .
Total circulating levels of estradiol were also elevated in the mutant mice, raising the possibility that loss of BRCA1 function increases epithelial tumor predisposition, at least in part, via increased estrogen stimulation unopposed by progesterone. Indeed, mutant mice with the highest proestrus to metestrus ratio had increased predisposition to ovarian epithelial tumors, although most tumors seen with this model were benign serous tumors consistent with serous cystadenomas as opposed to carcinomas. The conclusion that mutant mice were subjected to increased estrogen stimulation was further supported by the demonstration that they were taller and had stronger bones, two parameters that are controlled by this hormone [73] . The development of additional models driven by promoters directly relevant to high-grade serous ovarian carcinomas, for example the PAX8 promoter expressed in secretory fallopian tube epithelium, should prove particularly useful and advance our understanding of the genetic and physiologic factors that drive the development of ovarian cancers.
conclusion
Recent progress in our understanding of the exact site of origin of tumors traditionally referred to as of primary ovarian origin already has had a significant impact on our approaches to the clinical management of individuals with familial predisposition to these tumors. Although an exclusive origin from fallopian tube epithelium may argue for the merit of simple salpingectomy as an effective risk-reducing procedure for such individuals, remaining controversies dictate that caution should be exercised before recommending such additional profound changes. First, the notion that these tumors may also arise in EUME outside the fimbriae suggests that a simple salpingectomy may not offer maximal protection. In addition, data from experimental models summarized above suggests that although most tumors traditionally regarded as ovarian carcinomas may arise outside the ovary this organ remains an important driver of their development. This is consistent with the strong epidemiological evidence for an association between ovarian cancer risk and menstrual cycle activity. The availability of better experimental models that more robustly mimic the human disease should lead to a better understanding of the biology of these tumors. This in turn will facilitate the identification of novel biomarkers for their early detection, lead to more effective cancer prevention strategies, and should also lead to the identification of novel therapeutic targets.
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